In order to improve oxygen reduction performances of an air electrode using perovskite type La 0.7 Ca 0.3 CoO 3 as an electrocatalyst, a layered double hydroxide (LDH) containing magnesium and aluminum was examined as an ionconducting additive. Although the addition of LDH impeded gas permeation of the catalyst layer of the electrode, it was effective in reducing charge transfer resistance of the electrode, and as a result, the oxygen reduction reaction of the air electrode was remarkably enhanced.
Introduction
Metal-air batteries are expected as candidates of next-generation rechargeable batteries because of their theoretically high specific energies. 1, 2 This type of batteries, especially those using zinc as a negative electrode, 3, 4 have been extensively studied after 1970s, and in recent years, much attention has been given to lithium-air batteries 57 using both aqueous and nonaqueous electrolytes. A bifunctional air electrode, 8 which has sufficient reactivity for both oxygen reduction (discharging) and oxygen evolution (charging), is an ideal electrode, but an air electrode which has good oxygen reduction activity and long term durability under oxidative environment has not been realized. In an aqueous alkaline electrolyte system, influences of carbon dioxide, which causes carbonation of the electrolyte, is another serious problem. In order to solve this problem, an air electrode combined with an anion exchange membrane was proposed, in which incorporation of carbon dioxide was hindered by the membrane. 9 Formation of triple phase boundary (TPB) regions is an essential factor for this type of gas diffusion electrodes. For the catalyst layer combined with an anion exchange membrane, formation of TPB region becomes more difficult than in the case without membrane because there is no direct contact of the electrolyte and the catalyst layer. In polymer electrolyte fuel cells using proton exchange membranes, the electrocatalyst layer containing proton-conducting ionomers have been developed for optimized formation of TPB regions. 10 In alkaline systems, however, effective TPB formation techniques have not been established due to lack of ionomer materials with both long-term durability and high ion conductivity. We have previously reported that an addition of layered double hydroxide (LDH) was effective in enhancing oxygen reduction performances of a cathode of an anion exchange membrane fuel cell using platinum as a catalyst. 11 For an electrocatalyst in a rechargeable battery electrode, however, platinum is considered to be unsuitable because of its high material cost and insufficient durability under oxygen evolution reactions. In this paper, the effect of LDH as an ion-conducting additive to a catalyst layer using a bifunctional perovskite-type oxide 12 as the electrocatalyst is reported.
Experimental
As an electrocatalyst of the air electrode La 0.7 Ca 0.3 CoO 3 (LCCO) with perovskite structure was prepared by the citric acid precursor method. As an ionic conductor, an LDH containing magnesium and aluminum (MgAl-LDH) was synthesized according to the literature. 13 The LDH has a composition of [Mg
anion with valence n). The air electrode was prepared by coating a slurry of "LCCO + MgAl-LDH", carbon (Cabot, Vulcan XC-72), and polytetrafluoroethylene (PTFE, Aldrich, 60 wt% water dispersion) in a weight ratio of 67.5:22.5:10.0 onto a carbon paper sheet (Electrochem Inc., EC-TP1-120T). The weight of LCCO was adjusted to 3.1 mg cm
¹2
and MgAl-LDH was added in the weight ratio of MgAl-LDH/ (LCCO + MgAl-LDH) = 0, 10, 20 wt%. After drying, an anion exchange membrane (Tokuyama, A-201, thickness: 28 µm) was pressed on to the catalyst layer to form a membrane-electrode assembly.
Gas permeability of the air electrodes was measured using a Gurley densometer (Yasuda Seiki Seisakusho, No.323-AUTO). The microstructure of the electrodes and materials were observed by a field-emission type scanning electron microscope (Hitachi HighTechnologies, S-4800) and a scanning transmission electron microscope (Hitachi, HD-2000).
A two-compartment cell having a similar structure as in the previous study 11 was used for electrochemical tests of the air electrodes. One compartment was filled with 8 mol dm ¹3 KOH solution, and a Pt plate was used as a counter electrodes. An Hg/ HgO electrode was used as a reference electrode, but the potential values are shown in reversible hydrogen electrode (RHE) basis. The electrode part of the test cell is schematically shown in Fig. 1 .
Air or pure oxygen was supplied to the other compartment at a flow rate of 50 cm 3 min
¹1
. A potentio/galvanostat (Biologic, VMP3) was employed for the electrochemical tests and impedance measurements of the electrodes. Linear sweep voltammetry was conducted at a sweep rate of 10 mV s ¹1 in a potential rage from rest potential to 0.5 V vs. RHE. The AC impedance spectra were measured in a rage between 10 kHz to 10 mHz. 
Results and Discussion
Figures 2(a) and 2(b) show cathodic polarization curves of the air electrodes with 0% (A), 10% (B) and 20% (C) addition of MgAl-LDH at 303 and 323 K under air supply. The air electrodes with LDH addition showed higher oxygen reduction currents than that without an LDH addition. These electrodes showed similar tendency also under pure oxygen supply but with higher oxygen reduction currents.
The oxygen reduction current density at 0.5 V vs. RHE for each electrodes are summarized in Table 1 . In these tests the electrode (B) showed 28 to 49% higher oxygen reduction currents, but the electrode (C) showed only 18 to 29% higher currents, as compared with the electrode (A). The electrochemical characteristics of MgAl-LDH was examined by a similar electrode which was coated only with MgAl-LDH and binder, but no significant current was observed in the potential range. Figure 3 shows constant current oxygen reduction characteristics of the air electrodes at 323 K. This test was conducted at a constant current density of 20 mA cm
¹2
, with a 5 min pause at every 60 min. In the open circuit state, the electrodes (A), (B), and (C) showed nearly the same potentials of 0.96, 0.98, and 0.98 V, respectively. The oxygen reduction potential of the electrode (A) was 0.66 V in the initial stage, but showed a decline after several hours. The electrodes (B) and (C) showed stable oxygen reduction potentials of 0.72 and 0.71 V, respectively, and this positive effect of an addition of LDH lasted during the test period.
With regard to the causes of the improved oxygen reduction activity with an LDH addition, two factors, namely, enhancement of pore formation and improvement of ionic conductivity were considered. The TPB region, where oxygen reduction reaction occurs, is composed of the gas phase, the hydroxide ion conducting phase and the electron conducting phase. An addition of bulky LDH may promote formation of triple phase boundary by enhanced pore formation. In this study, however, air permeabilities of the air electrodes (A), (B), and (C) by Gurley method were 3.9, 6.3, and 10.5 s, respectively. Therefore, it can be said that the air electrodes (B) and (C) had lower air permeabilities than the electrode (A). As shown in the SEM photograph in Fig. 4(a) , the MgAl-LDH was obtained as plate-like particle having diameter of about 2 to 5 µm. LDH particles and catalyst layers indicate that the air permeability of electrodes with an LDH addition is inferred to be deteriorated by the bulky LDH particles which were somewhat aligned parallel to the electrode.
Figures 5(a) and 5(b) show ac impedance spectra for the air electrodes in Nyquist form under air supply. From the diameter of semicircles of impedance spectra, which were fitted an equivalent circuit, the charge transfer resistance (R ct ) of the electrode (A), (B), and (C) were estimated to be 1.66, 0.89, and 1.06 ³ at 303 K, and 1.27, 0.66, and 0.91 ³ at 323 K, respectively.
14 These R ct values were in agreement with the oxygen reduction activity of the air electrodes at both 303 and 323 K. From these results, the addition of MgAl-LDH to the air electrode using LCCO as the electrocatalyst is inferred to contribute to formation of TPB in an electrode due to its ionic conduction ability, although the addition has an adverse effect for gas permeability. The air electrodes examined in this study contained carbon with high specific surface area as an electronic conductor, and were not optimized for repeated charge-discharge cycling. Nevertheless, this kind of inorganic ion-conducting LDHs with sufficient chemical stability in concentrated alkaline solutions are expected to be a promising additive for TPB formation in catalyst layers.
Conclusions
The oxygen reduction performance of an air electrode using perovskite-type oxide as the electrocatalyst was remarkably improved by adding hydrothermally prepared layered double hydroxide (MgAl-LDH) to the catalyst layer. The positive effect of LDH addition is attributed to reduction of charge transfer resistance of oxygen reduction reaction, which is inferred to be caused by improved TPB formation in the catalyst layer. 
